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Lithological heterogeneity of low P/T metamorphic rocks in southern area of Hidaka metamorphic belt (HMB)
was formed through historical development of HMB while these rocks had been laid in ductile lower crust. Many
strain-localized mylonite zones (<100 m in thickness) are preferentially developed within S-type tonalite and
pelitic gneiss, which are characterized by a large modal amount of phyllosilicates (biotite+muscovite+chlorite)
and quartz, compared to other lithofacies in HMB. Mylonitic foliations are more conspicuous with close to
the center of the shear zone associated with increase in amounts of phyllosilicate minerals, indicating ﬂuid-
enhanced weakening mechanisms were operated in plastic shear zones. Pseudotachylyte veins are observed
exclusively in these mylonite zones, which were generated during exhumation stage of HMB. We conclude the
seismic slip zones in southern HMB had been initiated in the ductile lower crust by concentration of localized
plastic shear zones within the phyllosilicate- and quartz-rich lithofacies, which were heterogeneously formed
by old metamorphic and magmatic events. Then these zones were further weakened by ﬂuid-enhanced plastic
deformation, and ﬁnally seismic slips occurred at the bottom of seismogenic upper crust, during exhumation of
HMB.
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1. Introduction
One of the fundamental questions for development of
fault zones in seismological upper crust is inevitability of
locations of the slip surfaces. One may suppose that pre-
existing weak surfaces/materials generated by local events
such as magmatic intrusions, or by concentration of local
tectonic stress are the possible explanations, because larger
seismogenic faults developed within the complex and het-
erogeneous lithofacies are more common and universal. In
order to examine this problem more in detail, we have in-
vestigated the exhumed fault zones exposed in the southern
area of Hidaka metamorphic belt (HMB), Hokkaido, Japan.
The southern HMB is appropriate to examine this problem
because of following several reasons. (1) The latest meta-
morphic events (amphibolite facies; Osanai et al., 1997) are
relatively new (Early Paleocene to Miocene; Komatsu et al.,
1994; Owada et al., 1997). Thus less overprinting defor-
mations are expected. (2) Detailed geological information
on this area has been given by Obara (1997). (3) Lithol-
ogy in this area is highly complex and seems to be appro-
priate to examine the effects of heterogeneity to the fault
zone development. (4) Strain localized mylonite and pseu-
dotachylyte layers are more frequently developed in this re-
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gion than northern and middle regions of HMB (Toyoshima
et al., 2004). This paper describes possible genetic reasons
of seismogenic fault zones through macro- to microscopic
observations of lithofacies and fault zone rocks in southern
HMB.
2. Geological Settings of Southern HMB
Geological structure of southern HMB is trending
roughly N-S, dipping moderately to the east (Fig. 1). The
HMB is bounded by the Hidaka Main Thrust (HMT) and
adjoins to the Idonnappu meta-acretionary complex to the
west. Minor syn- and anti-forms are observed along the
area adjacent to HMT (Fig. 1). The metamorphic grade
is basically highest along the western margin of south-
ern HMB and gradually lowers to the east (Osanai et al.,
1997). The HMB extends further to the east where non-
metamorphic sedimentary rocks are distributed. In the
study area, the HMB is basically composed of two types
of rocks. One is low-P/high-T type metamorphic rocks and
another is huge volume of intrusive rocks. The former is
composed of amphibolite and pelitic/psamitic gneiss. The
latter is composed of (1) gabbronorite-hornblende gabbro,
(2) hornblende-diorite/tonalite, (3) troctolite-olivine gab-
bro, and (4) huge amounts of S-type tonalite associated with
minor amounts of I-type tonalite. The S-type tonalite is fur-
ther subdivided into basal, lower and middle S-type tonalite,
based on the difference of sequence and structural level of
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Fig. 1. Geological map of southern Hidaka metamorphic belt, after Obara (1997). Localized zones of mylonite are also shown by red and blue thin
lines. A and B; Locations of well exposed localized shear zones. See text for explanations.
intrusion (Shimura et al., 1997). The metamorphic rocks
are the oldest in this area, which were initially intruded by
(1), and then by (2). They were further intruded by (3).
The latest magmatic event was intrusion of (4) (Toyoshima
1991; Komatsu et al., 1994; Toyoshima et al., 1994; Osanai
et al., 1997; Owada et al., 1997). The gneissosity devel-
oped in metamorphic rocks are almost parallel to the geo-
logical structure. In contrast, foliations do not develop in
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Fig. 2. Graphical presentation of mineral mode analysis. See text for detailed explanations.
the intrusive rocks showing homogeneous texture. It is ob-
vious that the complex assemblage of lithofacies and geo-
logical structure, as shown in Fig. 1 was formed through
evolution history of southern HMB while the metamorphic
and igneous rocks were laid under granulite/amphibolite
to higher green schist metamorphic conditions. Localized
plastic shear zones overprint these metamorphic rocks and
granitoids. These shear zones are generally less than 100
m in thickness, trending almost N-S, roughly parallel to
the geological structure. Some of the large shear zones are
shown in Fig. 1. Some brittle shear zones also exist in this
area, especially along the lithological boundaries, which are
drawn by thick lines in Fig. 1.
3. Mineral Mode Analysis
The mineral mode analysis is performed in order to
clarify whether concentration of mylonite zones is re-
lated to the mineral mode of lithofacies. Forty samples
of fresh, non-deformed rocks are obtained from various
lithofacies (Fig. 2). They are analyzed by point counter
method under optical microscope (1000 points for each).
The results are summarized in Table 1 and are graphi-
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cally shown in Fig. 2. Although 16 minerals are listed
in Table 1 for each sample, each categorized rock is
composed more than 85% of three or four major miner-
als, as described below. Pelitic gneiss (2-3, 5-1 and 5-
2 in Fig. 2) is composed of plagioclase (37.53%), phyl-
losilicates (biotite+muscovite+chlorite, 25.83%), quartz
(23.13%) and minor accessory minerals. Amphibolite (2-
1 to 2-6) is mainly composed of amphiboles (57.34%),
plagioclase (35.52%) and quartz (4.28%). Gabbronorite-
Hornblende gabbro (6-1 to 6-6) is composed of plagioclase
(52.96%), amphiboles (17.54%), pyroxenes (16.59%) and
quartz (8.45%). Hornblende diorite-tonalite (7-1 to 7-6) is
composed of plagioclase (48.97%), amphiboles (28.18%),
phyllosilicates (10.81%) and quartz (8.75%). S type tonalite
shows similar mineral mode regardless of horizons of in-
trusion (1-1 to 1-5 for basal tonalite, 3-1 to 3-5 for lower
tonalite and 8-1 to 8-5 for middle). They are composed
of quartz (30.52–32.12%), plagioclase (32.14–39.20%) and
phyllosilicates (26.68–31.66%).
The results of mineral mode analysis indicate that the
S-type tonalite and pelitic gneiss are dominated by phyl-
losilicates and quartz, whereas other three lithofacies (am-
phibolite, hornblende diorite-tonalite and gabbronorite-
hornblende) are dominated by plagioclase, amphiboles and
pyroxenes, and they contain a few amounts of phyllosili-
cates and quartz. We found from the results of detailed
geological investigation that the localized mylonite zones
developed preferentially in the S-type tonalite and pelitic
gneiss, and less developed in hornblende tonalite, and few
in gabbronorite-hornblende gabbro, troctolite-olivine gab-
bro and amphibolite (see Fig. 1). These results indicate that
the localized mylonite zones were preferentially initiated in
phyllosilicate- and quartz-rich lithofacies.
4. Descriptions of Mylonite and Pseudotachylyte
in Localized Shear Zone
One of the best outcrops of localized mylonite zones is
exposed along the Panke-river main stream (A in Fig. 1).
Here, localized mylonite zone is roughly 50 m in thickness,
trending NS, and gently dipping to the east. Mylonitic fo-
liation becomes more conspicuous with closer to the core
of the shear zone. No obvious boundaries are observed
between host and mylonitic rocks. In center of the shear
zones, well-developed mylonitic foliations are commonly
observed (Fig. 3(a) and (b)). Microscopically, quartz and
feldspars are reduced in amounts and served as larger crys-
tals to be porphyroclasts in these mylonites (Fig. 3(d)). Ma-
trix is mainly composed of micaceous minerals. Foliations
are deﬁned by arrangements of these micaceous minerals.
The contents of phyllosilicate minerals in well-foliated my-
lonitic rocks are more increased compared to host rocks
(Fig. 3(c), (d) and h), which shows similar occurrence with
those described by Hippertt (1998) and Lonka et al. (1998).
In strongly deformed mylonite zones, residual quartz clasts
typically show elongated shape, which are composed of
elongated ﬁner-sized quartz grains (Fig. 3(e)). These quartz
clasts are observed within 10 m from the core of the shear
zone. The quartz grains show larger size and more polygo-
nal shape at the margins of the shear zone. Fabric analyses
clariﬁed that sense of shear was dextral-normal.
It is commonly observed that the pseudotachylyte veins
preferentially overprint the well-foliated mylonite zones
(Fig. 3(a), (b) and (g)). The pseudotachylyte veins are gen-
erally less than 5 mm in thickness, associated with narrow
(3 to 5 mm in thickness) cataclasitc zones at either side of
pseudotachylyte veins (Fig. 3(f)). However, single pseu-
dotachylyte vein can be traced more than 10 m in length
along its strike. Microscopically, the clasts involved in
pseudotachylyte veins are extremely ﬁne grained (1 to 10
μm) by comminution and wearing, showing no evidence
of dynamic recrystallization by plastic deformation. These
observations indicate that seismic slip events occurred at
seismic brittle regime, overprinting pre-existing heavily de-
formed, well-foliated mylonite zones. Similar occurrence
of localized mylonite zones and pseudotachylyte veins are
also observed along Simono-sawa stream (B in Fig. 1, Shi-
mada et al., 2004).
5. Discussion and Conclusion
In southern HMB, metamorphic and intrusive rocks were
laid under the condition of amphibolite facies at the peak
metamorphic stage (Fig. 4, Shimura et al., 1997). My-
lonitic deformation occurred under lower green schist fa-
cies condition (300 to 400◦C) based on the microscopic ob-
servations that feldspars are fractured to be porphyroclasts
and quartz shows clear evidence of dynamic recrystalliza-
tion (Passchier and Trouw, 1996). Chemical breakdown
of plagioclase into micaceous minerals would be favorably
occurred under similar temperature condition (Fitz Gerald
and Stu¨nitz, 1993; Stu¨nitz and Fitz Gerald, 1993). The
estimated temperature condition corresponds to the zones
within the brittle-ductile transition (Sholtz, 1988). There-
fore, the localized mylonite zones were formed under ret-
rograde metamorphic stage possibly due to exhumation of
southern HMB (Fig. 4).
Considering the facts that (1) localized mylonite zones
are preferentially developed in the S-type tonalite and
pelitic gneiss and (2) these two rocks are dominated by
phyllosilicate minerals and quartz, we conclude that initia-
tion of localized mylonite zones are controlled by lithology,
that is, the localized mylonite zones are preferentially ini-
tiated within phyllosilicates- and quartz-dominated lithofa-
cies. This stage is referred to as “Initiation stage” for prepa-
rations of seismic rupture surfaces.
Even within a localized shear zone, mode of deforma-
tion of quartz is contrasting between the zone within 10 m
from core of the shear zone and marginal part of the shear
zone. Quartz clasts show elongated shape composed of ﬁner
elongated grains within 10 m from the core of the shear
zone (Fig. 3(e)). It is well known that this type of fabric is
formed by dynamic recrystallization at lower temperature
and/or higher strain rate conditions (Masuda and Fujimura,
1981). The zone containing elongated quartz clasts roughly
corresponds to that of reducing in amounts of plagioclase
and increasing of phyllosilicate minerals. These facts sug-
gest ﬂuid-enhanced chemical reaction occurred during pro-
gressive plastic deformation, including breakdown and dis-
solution of plagioclase, and/or growth of phyllosilicate min-
erals, under lower temperature/higher strain rate conditions.
The mylonitic shear zone would be narrower into 10 m
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Fig. 3. Occurrence of mylonite and pseudotachylyte in localized shear zones. Bar scales in c, d, e and f: 1 mm. Q: Quartz, Pl: Plagioclase, Bt:
Biotite, Ms: Muscovite, (a) Thin pseudotachylyte vein (black arrow) runs parallel to the foliation of strongly deformed mylonite. (b) Close view of
pseudotachylite vein (white arrow). The vein shows irregular boundaries and branches off to the north (left). (c) Occurrence of host rock (S-type
tonalite). (d) Occurrence of strongly deformed mylonite. Note that a modal amount of phyllosilicate minerals is increased compared to host rock.
(e) Occurrence of elongated quartz clast (White arrow). Quartz crystals in the clast are deformed plastically and elongated. (f) Brittle fractured
zone are developed within 5 mm from pseudotachylite vein. The fractured zone is cut by pseudotachylyte vein (White arrow). (g) Occurrence of
pseudotachylyte vein, which is the newest deformation within the whole localized shear zone. (h) Comparison of modal amounts of Quartz (Qtz),
Plagioclase (Pl) and Phyllosilicates (Phy, Biotite+Muscovite+Chlorite) between host S-type tonalite (Blue circle) and strongly deformed mylonite
(Red rectangle). Average values of modal composition of S-type tonalite (Table 2) is presented as a host rock modal composition.
in thickness. Probably, the phyllosilicate-rich mylonite
was also formed under ductile-brittle transition condition,
since little evidence of brittle failure was found within the
phyllosilicate-rich mylonite, except overprinting pseudo-
tachylyte, which will be discussed later. Timing of forma-
tion of the phyllosilicate-rich mylonite would be followed
by, but possibly close to that of the mylonite formed at ini-
tiation stage, because larger strain is required to induce in-
ﬁltration of ﬂuids and chemical reaction than the mylonite
formed at initiation stage. Temperature condition may be
similar or slightly lower than that for the mylonite of the ini-
tiation stage. Phyllosilicate bearing rocks show frictional-
viscous behavior and apparent coefﬁcient of friction is in-
ferred to be lowered to 0.25 to 0.35 at the seismogenic depth
(Bos and Spires, 2002), suggesting that dynamic mode of
deformation of the phyllosilicate-rich mylonite is largely
different from mylonite formed at initiation stage. The low-
strength proﬁle of the shear zone would be realized by initi-
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Fig. 4. P-T-t path of metamorphism in Hidaka metamorphic belt (Modiﬁed after Osanai et al., 1992). The path shown by solid line is appropriate for
southern HMB (Osanai et al., 1991). See also Osanai et al. (1992) for metamorphic zones II, III and IV. Localized mylonite zones and pseudotachylyte
veins overprinting mylonite zones were formed at almost ﬁnal stage of retrograde metamorphism. GRAN: granulite facies, AMP: amphibolite facies,
GS: green schist facies, PA: pumpellyite-actinolite facies, PP: prehnite-pumpellyite facies, Ky: Kyanite, Sil: Sillimanite, and And: Andalusite.
ation of localized shear zones in weaker (phyllosilicate- and
quartz-rich) regions, and further by mechano-chemical pos-
itive feedback process of weakening (breakdown of plagio-
clase into phyllosilicates) within localized mylonite zones,
as suggested by observations of localized shear zone in
HMB. The positive feedback stage is referred to as “Pro-
motion stage” for preparation of seismic rupture surfaces.
The pseudotachylyte veins are particularly concentrated
within the narrow zones of heavily deformed mylonite be-
ing weakened by ﬂuid assisted reaction. Microscopic obser-
vations indicate that they are generated by brittle failure and
show no evidence of dynamic recrystallization. The defor-
mation mode suggests that pseudotachylyte was generated
under full brittle conditions. Similar occurrence of pseu-
dotachylyte veins is observed along Shimono-sawa stream
(B in Fig. 1, Shimada et al., 2004), where mineral veins
containing prehnite commonly cut pseudotachylyte layers,
suggesting that pseudotachylyte layers were generated un-
der prehnite-related metamorphic conditions. The pseudo-
tachylyte veins were presumably generated under prehnite-
pumpellyite facies conditions, since if we extrapolate retro-
grade P-T-t path from the stage of localized mylonite for-
mation (Fig. 4) smoothly to the surface condition, it would
pass through the PT condition around the boundary be-
tween prehnite-pumpellyite and pumpellyite-actinolite fa-
cies. Two types of pseudotachylyte veins are observed in
HMB. One is layer parallel type, which corresponds to the
one described in this paper, and another is layer oblique type
(Toyoshima et al., 2004). Toyoshima et al. (2004) describes
that the former is commonly cut by the latter, and depth of
generation of the latter was estimated to be around 4 km
(Toyoshima, 1990). From these observations and discus-
sions, we consider that the seismic friction slips occurred at
around the bottom of the brittle crust (120 to 300◦C), uti-
lizing pre-existing well-foliated mylonite zones. The stage
is referred to as “Generation stage”. However, most of de-
formation experiments show stable behavior of phyllosil-
icate minerals under various P/T conditions. (Logan and
Rauenzahn, 1987; Bos and Spires, 2001, 2002). Fundamen-
tal mechanisms of generation of instability of phyllosilicate
minerals still remain unclear. This problem should be clar-
iﬁed by future research. The sequence of deformation is in
good agreement with the hypothesis that the deformation
had occurred during exhumation of southern HMB. Con-
sidering P-T-t path of the HMB (Osanai et al., 1991, 1992),
formation of localized plastic shear zones and pseudotachy-
lyte veins seem to be almost ﬁnal major events during whole
metamorphic history of HMB (Fig. 4).
For summary of above discussions, we conclude that
seismic slip surfaces had been prepared and ﬁnally acti-
vated through following three stages in the case of south-
ern HMB. (1) Initiation stage: plastic deformation is lo-
calized preferentially within phyllosilicate- and quartz-rich
lithofacies under the brittle-ductile transition condition. As
a result, distribution of plastic shear zones is highly devi-
ated and heterogeneous. (2) Promotion stage: Timing of
this stage may be close to (1). Breakdown and dissolution
of feldspars and quartz occurred associated with precipi-
tation or grain growth of phyllosilicate by ﬂuid-enhanced
chemical reaction. Shear zone become narrower and weak-
ened by strain softening. Constitutive behavior becomes
frictional-viscous. (3) Generation stage: seismic, frictional
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layers were preferentially generated within weakest layers
of strongly deformed mylonite zones under full brittle con-
dition. Therefore in the case of southern HMB, the seismic
slip surfaces had inevitably deﬁned by heterogeneous distri-
bution of lithofacies under the greenschist facies and higher
T/P conditions before exhumation to the seismogenic depth.
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